A graphene-coated microfiber (GCM)-based hybrid waveguide structure formed by wrapping monolayer graphene around a microfiber with length of several millimeters is pumped by a nanosecond laser at ∼1550 nm, and multiorder cascaded four-wave-mixing (FWM) is effectively generated. By optimizing both the detuning and the pump power, such a GCM device with high nonlinearity and compact size would have potential for a wide range of FWM applications, such as phase-sensitive amplification, multi-wavelength filter, all-optical regeneration and frequency conversion, and so on.
INTRODUCTION
Graphene has attracted worldwide interest for its exceptional electronic and photonic properties [1, 2] ; it has a unique band-gap structure, its Fermi level of graphene is tunable, its photon absorption is saturable, and its refractive index is adjustable [3] [4] [5] . Accordingly, a variety of graphene-based photonic devices have been reported, e.g., optical modulators [6, 7] , optoelectronic converters [8] [9] [10] , ultrafast photonic lasers [11, 12] , highly sensitive sensors [13] , and so on. Moreover, as graphene is so thin, it could be convenient to combine it with other dielectric waveguides, i.e., silicon/polymer waveguides and fibers [7, 14, 15] .
Four-wave-mixing (FWM), especially cascaded FWM, is widely applied in modern optics, such as multi-wavelength laser, optical parametric amplification, dispersion compensation, super continuum, and comb filter [16] [17] [18] [19] . As graphene has the unique merit of possessing ultrahigh nonlinearity especially 3-order nonlinearity over a broad spectral range [20] [21] [22] [23] , it is naturally adaptable for FWM [24, 25] . Recently, by depositing graphene on silicon cavity, covering graphene on optical fiber ferule, and attaching graphene on microfiber, the generation of FWM was observed [26] [27] [28] [29] [30] . However, to obtain graphene-induced effective FWM is still challenging, because the interaction between graphene and transmitting light is limited, the transmission loss is significant, and the dispersion is hard to optimize.
In this paper, by using a graphene-coated microfiber (GCM), we demonstrated effective multi-order cascaded FWM based on a graphene/microfiber hybrid waveguide, for the first time (to our knowledge). By utilizing a high-power pulsed laser as pump at ∼1.55 μm and a tunable CW signal light, we experimentally achieved tunable cascaded FWM with a large spectral range over 15 nm. In the FWM, the detuning was tuned from 0 to 5 nm, with a conversion efficiency up to −20 dB. Moreover, by investigating the response of the GCM in time-domain, FWM-induced multi-wavelength beating is verified. Such a GCM structure would be easily integrated into fiber-based devices and systems for generation of FWM.
STRUCTURE AND FABRICATION OF THE GCM
The schematic diagram of this hybrid waveguide structure is shown in Fig. 1(a) . First, we use a microfiber with the diameter of sub-wavelength. Then, a monolayer of p-doped graphene is coated around the microfiber by wet-transfer method, to form the GCM. The principle of FWM induced in the GCM is shown in Fig. 1(b) [31] . When a pump light with frequency of ω P and a signal light with wavelength of ω S are launched into the GCM simultaneously, due to the photon absorptions and releases, electronic transitions in graphene would occur, hence generate a new frequency ω E 2ω P − ω S . When the generated light is strong enough, cascaded FWM process would be obtained with generating higher-order harmonics, with frequency of 3ω P − 2ω S , 4ω P − 3ω S , and so on.
In the experiment, the silica microfiber is fabricated from a standard single-mode fiber (SMF; 28e, Corning) by chemicaletching method. A section of SMF was soaked in hydrofluoric acid for ∼43 min , after that washed by DI water and ethanol alternately. Then it turned into a microoptical fiber with ∼5 μm in diameter and ∼1 cm in length. The graphene layer was grown on Cu foil by chemical-vapor deposition (CVD) method under 1000°C. It was p-doped during the wet transferring process, and finally warped around the microfiber via micromanipulation [32] . It has been verified that the linear loss of the p-doped graphene is very low and the one-photon interband transition could be suppressed [29, 33] , which is helpful for FWM excitation under an ultralow pump power. Figure 2 (e) illustrates the Raman spectra measured at the graphene wrapped areas. The ∼0.5 G-to-2D intensity ratio and the narrow full-width half-maximum (FWHM) of the G peak at verify the graphene is of high quality [34] .
MEASUREMENT AND ANALYSIS OF THE GCM
In this GCM structure, light interacts with the graphene via evanescent field, which is confined tightly along the surface of the microfiber [35, 36] . Such a graphene-light interaction not only reduces the GCM's thermal damage risk, but also dramatically enhances the effective action length of graphene. Accordingly, Fig. 3(a) shows the transmission of the GCM over the range of 1300-1600 nm. In comparison with pure microfiber with the same diameter, its loss is ∼6 dB higher at 1550 nm, determined by the effective index of the GCM. ) illustrates that compared with common single mode fibers, the GCM with diameter of 5 μm has a thinner core, and a higher index difference between the core and the clad (for SMF, n core − n clad < 0.02, however for the microfiber, n core − n clad ∼ 0.46), so that the light confinement A eff along the GCM is dramatically smaller than a common SMF. For instance, when D 5 μm and λ 1550 nm, the A eff of the GCM is calculated ∼20.4 μm 2 , while the A eff of a SMF is ∼78.5 μm 2 . So, for the GCM, both the graphene and the microfiber contribute to the enhancement of nonlinear coefficient γ, referring γ n 2 ω∕cA eff , where n 2 is the nonlinear index of the GCM [37, 38] . The value of γ for the GCM is calculated ∼10 10 , according to the third susceptibility of graphene χ 3 G ∼10 −7 esu [24] . Figure 3(b) , inset, shows the electric field distribution of the fundamental mode of the GCM with diameter of 5 μm. Moreover, as microfiber has anomalous dispersion while graphene cladding has normal dispersion over infrared spectrum, the chromatic dispersion of the GCM would be compensated and flatten. Considering the phase mismatch κ Δk 2γP, where Δk is the dispersion contribution, it is helpful for the phase matching in FWM operation [39] .
CASCADED FWM ON THE GCM
The experimental setup to demonstrate the GCM-based FWM is shown in Fig. 4 . A CW laser with average power of 8.5 dBm was adopted as the signal, whose center wavelength could be tuned over a range of 1545-1555 nm. A high-power pulsed laser (B&A, M1042-1550) was used as the pump (FWHM 5 ns, repetition 1 kHz). The average power of the pump laser is tunable in range of 0-5.5 mW (corresponding to a peak power of 0-1100 W). First, the signal and the pump were coupled together by a direct coupler. Then the mixed light was launched in the GCM; after an attenuator, the output light of the GCM was collected by an optical spectral analyzer (OSA) (ANDO-AQ6317B) and a 1 GHz photon detector to be displayed on a fast oscilloscope (Agilent, Infiniium). In the setup, polarization controllers (PCs) were applied to optimize and maintain the polarization, and isolators (ISOs) were applied to reduce backscatter light.
The results of the FWM experiment are shown in Fig. 5 . First of all, fixing the signal light at 1549.9 nm, we verified that the microfiber (D 5 μm) without graphene cladding could not generate FWM, even though under the pump power of 3 mW, as shown in Fig. 5(a) . Figure 5(a) , inset, shows the locations of the CW light and the pump. Fixing the detuning to be 0.1 nm as well, the transmission spectra of the GCM under pump of 0.2 mW (200 MW∕cm 2 ), 1 mW (1 GW∕cm 2 ), and 3 mW (3 GW∕cm 2 ) are shown in Fig. 5(b) . As Fig. 5(b) , inset, indicates, when the pump power was 0.2 mW, only one weak Stokes line of 1550.1 nm was generated. By increasing the pump power, cascaded FWM peaks were generated. When the pump power was 1 mW, four Stokes peaks and three anti-Stokes peaks were observed. Furthermore, when the pump power reached 3 mW, the cascaded Stokes and anti-Stokes peaks were filled in the range of approximately 1546-1558 nm. By adjusting the detuning Δλ, Fig. 5(c) presents the cascaded FWM spectra in the window of 1540-1560 nm. When Δλ 5 nm, a generated Stokes line at 1555 nm was observed. Then, when Δλ 2 nm, cascaded peaks distributed from 1546 to 1556 nm was obvious. Moreover, when Δλ 1 nm, there were seven Stokes lines and four anti-Stokes lines. Meanwhile, via the oscilloscope, we monitored the output pulses in timedomain. It was observed that once turning on the CW light (signal), the FWM occurred, the power of the pulsed laser decreased by ∼30%. Accordingly, Fig. 6(a) summarizes the correlation of the detuning and the observed orders of Stokes band and antiStokes band. Here the dots are experimental samples and the curves are numerical fittings. When pump power was 0.2 mW, the nonlinear effects were too weak to observe; with the pump power increasing, cascaded FWM was generated; and when the pump power reached 3 mW, the spectra are as shown in Fig. 5 . Figure 6(b) shows the relationship of the pump power (P P ) and the powers of the first-order (1551 nm), second-order (1552 nm), and third-order (1553 nm) Stokes line, with fixing the detuning to be 1 nm. With increasing P P , the first-, second-, and third-order generated Stokes line appeared when P P was 0.8 mW, 1 mW, and 2.2 mW, respectively. Then, when P P increased to be 3 mW, the power of the first-order FWM light was saturated at approximately −30 dBm, with a conversion efficiency of approximately −20 dB. These Stokes bands and anti-Stokes bands could be broadened, and the conversion efficiency could be further improved, by optimizing the GCM structure, e.g. by decreasing the diameter of the microfiber to enhance the evanescent fields, increasing the length of the GCM to accumulate the nonlinear effects, utilizing the special fiber to adjust the dispersion, and so on.
CONCLUSIONS
In conclusion, by launching a CW light and a pulsed pump into a GCM hybrid waveguide, we demonstrated the cascaded FWM with tens of spanning lines. The span of the cascaded FWM is tunable by several nanometers, depending on the detuning between the pulsed pump and the CW signal. Moreover, considering both the graphene and the microfiber contribute to the nonlinearity, the GCM-based FWM could be further optimized by adjusting the length of graphene, the diameter of microfiber, the index matching, and so on. This work may find applications in FWM-based frequency conversion, phase-sensitive amplifiers, comb filters, and all-optical regeneration.
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